Abstract-Focused, pulsed X-rays are used to generate singleevent transients (SETs) in metal-insulator-semiconductor (MIS)-gate AlGaN/GaN high-electron-mobility transistors (HEMTs) in order to investigate the mechanisms responsible for SETs. Unlike Schottky-gate GaN HEMTs, where current flows between gate and drain when the device is biased "OFF," for the MIS-gate HEMTs, current flows between the source and drain. The presence of the SiN x insulating layer under the gate effectively blocks electrons on the gate from moving into the semiconductor. Short-duration SETs at the gate are caused by the collection of holes injected by the X-rays. SETs collected at the source and drain have an initial short-duration component, followed by a long-duration tail that can last for hundreds of nanoseconds. The long tails are due to positive charges (holes) that are less mobile than the electrons and so take longer to exit the HEMT, and to holes that become trapped at defects in the material. The holes lower the potential barrier between the source and the region under the gate, allowing for the injection of electrons that flow from the source to the drain. The durations of the SET tails are determined by the lifetimes of the trapped holes that are found to vary with X-ray photon energy and electrical bias.
Investigation of Single-Event Transients in
AlGaN/GaN MIS-Gate HEMTs Using a Focused X-Ray Beam operation of an HEMT, efforts have been directed at studying the SET characteristics to gain a better understanding of the mechanisms involved [1] - [6] . Our efforts, to date, have been focused on Schottkygate (SG) HEMTs that have been shown to be SET sensitive when exposed to various forms of radiation, including heavy ions, focused, pulsed laser light, and focused, pulsed X-rays. SETs appear at the HEMTs source, gate, and drain nodes, with the relative amounts of charge collected at the three nodes depending on several factors, including bias configuration, radiation strike location, material quality, and charge track profile.
Current flow associated with SETs in an SG-HEMT was shown to depend on whether the HEMT is biased "OFF" or "ON." When biased "OFF," injected current associated with SET flows between the gate and drain, whereas when biased "ON," most of the current flows between the source and drain, with a smaller contribution between the gate and drain. The mechanism invoked to explain this behavior involves an initial flow of holes to the gate and electrons to the drain. Some of the holes become trapped in the AlGaN layer and lead to the injection of additional electrons from the gate via FowlerNordheim tunneling. Trapped holes are gradually excited into the valence band via the thermal excitation in the presence of an electric field-Poole-Frenkel effect-which brings an end to the charge injection. The resulting SETs consist of an initial fast component due to the collection of the radiation-generated charge followed by a tail that is due to the collection of additional charge injected from the gate as a result of positive trapped charge.
Previous experiments [7] have revealed that the area most sensitive to SETs is in the drain access region, adjacent to the gate, where the electric fields are a maximum. The size of the sensitive area increases with increasing drain bias until, at sufficiently high drain voltages, it encompasses the entire drain access region [4] .
The quality of the AlGaN and GaN materials has an effect on the shapes of SETs. SETs generated in HEMTs with high densities of defects, such as those exposed to high proton fluences, have longer durations and smaller amplitudes than SETs in the defect-free material. The change in the shape of U.S. Government work not protected by U.S. copyright. SET in material with a high density of defects is attributed to the trapping of the positive charge at the defects. The trapped charge reduces the SET amplitude by increasing the channel resistance, while at the same time, sustaining the current flow is associated with the SET to produce long tails [4] .
Charge track length is another factor that influences the shapes of SETs, particularly where there is a high defect density in a localized area, such as in the AlGaN layer located near the surface of the HEMT. Fig. 1 shows a comparison of SETs obtained by irradiating the same SG-HEMT in the same spatial location with focused, pulsed UV light (left panel) and a focused beam of Au ions (right panel). When UV laser light (wavelength = 295 nm and penetration depth 300 nm) is used to produce SETs, most of the charge is generated in the GaN near the interface with the AlGaN layer, where there is a high density of defects acting as positive charge traps. The traps lead to enhance the Fowler-Nordheim tunneling of electrons from the SG into the AlGaN that lasts as long as the positive charge is trapped. The resulting SETs have long tails. It follows that ionizing radiation with a very short penetration depth produces SETs with relatively long tails when there is a high concentration of defects within the absorption depth of the radiation. Au ions, on the other hand, have a range in GaN of 50 μm, a distance that extends well beyond the GaN layer (layer thickness = 2 μm) into the silicon substrate. As a result, only a small fraction of the total charge is generated in the region containing a high density of traps. Therefore, it follows that the ionizing radiation with a long range in the AlGaN/GaN HEMT produces SETs with relatively small tails.
Investigations by other researchers have helped clarify some of the mechanisms involved in the SET formation. A previous publication [1] observed on the gate because the very small barrier (0.07 eV) between the valence bands of the HfO 2 and the AlGaN layer is not sufficiently large to block holes, generated in the semiconductor, from reaching the gate. No SETs were observed at the gate of the MIS-gate HEMT when Al 2 O 3 was used as the insulator. The absence of any observable SETs is attributed to the larger valence band offset (0.8 V) that is effective at preventing holes from reaching the gate and disturbing the voltage.
In this paper, the mechanisms responsible for SETs in MIS-gate GaN HEMTs were investigated by measuring the dependence of the SETs on bias, spatial location, and charge track length. An MIS-gate HEMT was selected that incorporates a layer of SiN x (3-nm thickness) under the gate in order to suppress gate leakage currents. With an offset between the valence bands of the AlGaN and SiN x layers of 0.87 eV, holes generated in the AlGaN are blocked by the potential barrier from reaching the gate, resulting in no SETs appearing at the gate. However, unlike the results reported in [1] , we do observe SETs at the source and drain when HEMT is biased both "ON" and "OFF."
SETs studied in this paper were generated by a focused, pulsed X-ray beam at the advanced photon source, Argonne National Laboratory. The validity of using X-rays to generate SETs in GaN HEMTs can be established by comparing the shapes of SETs generated by X-rays and by heavy ions in the same device, under the same bias conditions and at the same spatial location. Fig. 2 shows that SETs are remarkably similar in shape with minor differences due to differences in the charge track structure. This validates the use of focused, pulsed X-rays for generating and investigating SETs in AlGaN/GaN HEMTs. These results are consistent with the results of [7] - [10] that have demonstrated that X-rays produce SETs that closely resemble those produced by heavy ions in other microelectronic devices.
This work expands on the results presented in [1] , which covered only a small parameter space of bias, energy deposition, and radiation strike location. The focused, pulsed X-ray beam used for these studies had large pulse energies (>100 pJ) to generate SETs with large amplitudes that greatly simplified analysis. SETs were captured under a variety of bias conditions and with high spatial resolution (2-μm spot size) to ascertain where the areas most sensitive to SETs were located. Finally, three different X-ray photon energies were used to investigate the role of photon energy in determining SET shapes.
The results presented here reveal that when the MIS-gate HEMT is biased "OFF," relatively large SETs with long tails appear at the source and drain. The size of the tails on the SETs depends on both the gate and drain bias. A very narrow ( 1 ns) SET without a tail appears at the gate, most likely due to the small amount of charge generated in the SiN x by the X-rays, for which there is no barrier preventing them from reaching the gate. SETs at the source and drain are attributed to a bipolar mechanism in which the positive charge forward-biases the source, which leads to the flow of additional electrons from source to drain [6] .
In contrast to the results of [1] , the bipolar effect leads to a significant charge enhancement (CE), i.e., more charge associated with the SET is collected at the drain that is deposited by the X-ray pulse. Different X-ray photon energies were used to investigate the role of charge track profile in determining SET shapes. The variation of the absorption coefficient with photon energy leads to a variation of penetration depth and, therefore, a variation in the charge deposition profile. X-rays with the highest absorption coefficient (shortest charge track) produce SETs with the largest amplitudes and shortest tails.
These results highlight the utility of a focused, pulsed X-ray beam in revealing the mechanisms responsible for SET generation in an MIS-gate HEMT. Fig. 3 shows a cross section of the MIS-gate Al 0.25 Ga 0.75 N/ GaN HEMT structure used in this paper. The semiconducting layers are grown on a Si substrate by metal-organic chemical vapor deposition. The thicknesses of the epitaxial layers are: 3 nm for the SiN x gate oxide, 25 nm for the Al 0.25 Ga 0.75 N layer, 2 μm for the GaN layer, and 100 nm for the SiN x passivation layer. Contacts are made to the source, gate, and drain. For capturing SETs, the device was mounted in a high-frequency package (40-GHz bandwidth) manufactured by Sierra Circuits, Inc. Bias was applied to the source, gate, and drain through bias tees (bandwidth = 26 GHz) that facilitated capturing the SETs from all three nodes using a 16-GHz oscilloscope. The semi-insulating Si substrate, on which the 
II. EXPERIMENTS

A. HEMT Structure
B. Radiation Source
Testing was done with three different X-ray photon energies, i.e., 8, 9, and 10.5 keV. The 8-and 9-keV energies are below the GaN Kα band edge of 10.2 keV, whereas the 10.5-keV energy is above. The absorption coefficient increases abruptly as the energy increases from below to above the Kα band edge. Because of the change in the absorption coefficient, the charge track profile also changes, with a significantly high fraction of the total charge being deposited in the GaN by the 10.5-keV X-rays than by 8-and 9-keV X-rays. The corresponding pulse energies at the surface of the HEMT were adjusted to be approximately equal, i.e., 138, 143, and 139 pJ, for the 8-, 9-, and 10.5-keV X-ray beams, respectively. The three X-ray beams used for these studies had pulse repetition rates of 271.55 kHz, pulse widths of approximately 100 ps, and were focused to spots with diameters of approximately 2 μm.
C. Charge Deposition Profiles
The energy losses for X-rays as they propagate through the HEMT device, from the passivation layer at the top to the silicon substrate at the bottom, were calculated using published values of the X-ray attenuation coefficients for each of the layers [11] . In each layer, the intensity decreases exponentially, and the energy loss per unit length is given by where E dep i is the energy deposited at depth z i in layer i , T 0i is the X-ray intensity incident on that layer, E p is the photon energy, and α i is the absorption coefficient for that layer. Table I gives the values of the absorption coefficients for different layers comprising HEMT for different photon energies. The deposited charge Q dep (z) is calculated as follows:
where q is the elementary charge and E e−h is the energy for the e-h pair formation (E e−h = 3E g ). Fig. 5 shows the calculated energy loss in each of the layers for X-rays with three different photon energies. Fig. 5 shows that X-rays with the photon energy of 10.5 keV deposit about 5 times as much energy in the GaN layer as do 8-and 9-keV X-rays. The magnitude of the charge deposited in the GaN layer is given by (2) . The results are 0.39, 0.37, and 1.89 pC for X-rays with photon energies of 8, 9, and 10.5 keV, respectively.
III. RESULTS AND DISCUSSION
A. SET-Sensitive Area
The area of the MIS-gate HEMT most sensitive to SETs was identified by scanning the X-ray beam across the surface to generate 2-D maps of the SET sensitivity. Consistent with previous measurements using the pulsed laser light, the area most sensitive to SETs generated by X-rays is in the drain access region, close to the gate edge, where the electric field is a maximum. For these studies, every effort was made to ensure that the three X-ray beams with different photon energies were focused on the area, determined to be the most SET sensitive. Fig. 6 shows a 2-D plot of the SET amplitude using a 10.5-keV X-ray beam focused on the drain access region. The plot clearly shows that for V g = −4 V and V d = 20 V, the SET maximum is located about 2 μm from the edge of the gate.
B. SET-Sensitive Nodes
At every test location, the drain, gate, and source were monitored for SETs. Fig. 7 shows SETs generated with the X-ray beams focused at the same location in the drain access region where the signals are a maximum. The panel on the left shows SETs for X-rays with photon energies of 8, 9, and 10.5 keV with the HEMT biased "OFF" at V g = −5 V, whereas the SETs appear at all the contacts. Those on the source and drain have an initial narrow peak (<1 ns) followed by a long tail, whereas those on the gate consist of only the narrow peak. For all X-ray energies, SET amplitudes of the initial narrow peak on the drain are equal to the sum of the amplitudes on the gate and source but with the opposite sign. For times after the initial peak, SETs appear only on the source and drain and are equal in amplitude but with the opposite sign. The SET amplitudes for the three different X-rays are roughly proportional to the deposited charge; SETs generate by the 10.5-keV X-rays have the largest amplitudes, those generated by the 8-keV X-rays have intermediate amplitudes, and those generated by the 9-keV X-rays are the smallest.
C. Charge Enhancement
SETs at the source and drain (Fig. 6 ) have short (<1 ns) initial peaks followed by tails that persist for periods lasting from tens to hundreds of nanoseconds, during which time a large amount of charge is collected. The total collected charge is calculated by integrating the current over the entire duration of SET. Table II shows CE for the three X-ray photon energies. CE is the ratio of the total collected charge to the deposited charge. The CE factors for the three X-ray photon energies indicate that significantly more charge is collected at the source and drain than is deposited by the X-ray pulse. The large CE factor is attributed to the charge collected in the long tails.
We identify two charge-collection mechanisms responsible for SETs: X-ray-injected charge that is responsible for the initial sharp peaks at the source, gate, and drain, and charge collected via a hole-induced bipolar mechanism that is responsible for the long tails at the source and drain. The incident X-rays produce electrons and holes that are separated by the electric field. Electrons, having high mobility (∼1000 cm 2 /V · s), move to the drain where they are rapidly collected. Holes, on the other hand, have lower mobility (350 cm 2 /V · s) and move more slowly toward the gate and source. A small fraction of the deposited holes is collected by the gate, giving rise to the very narrow SET observed on the gate. Some of the remaining holes are trapped at defects in the GaN layer under the gate. Their presence raises the electric potential in the body region, which forward-biases the source/body junction, causing electrons to be injected from the source into the body region. The injected electrons move through the body region and are eventually collected at the drain where they contribute to SETs. This process, which functions like a parasitic bipolar transistor, continues as long as holes remain trapped. Therefore, the tails are related to the ionization energies, or, equivalently, the trapping times of holes. The bipolar mechanism has previously been invoked to explain the enhanced charge collection in Si and GaAs devices [12] , [13] . This is the first time bipolar action has been invoked to explain the presence of long-duration SETs in an MIS-gate AlGaN/GaN HEMT.
The right panel shown in Fig. 7 shows that when the HEMT is biased "ON," and the SET tails are larger than when it is biased OFF. Since the longer tails dominate charge collection, the CE factors shown in Table II are larger for the HEMT biased "ON" than for it biased "OFF." For both biases, the CE factor is greatest for the 8-keV X-rays and smallest for the 10.5-keV X-rays.
D. SET Duration
Equation (3) is a fitting function used to analyze SETs. It is the product of a Gaussian, describing the initial sharp component, and a sum of exponentially decaying functions, describing the tails. The Gaussian functions take into account the instrumental response, while the exponentially decaying functions are related to the ionization energies of charge (holes) trapped in defect sites. For this analysis, we are interested primarily in the components with the longest decay times because they control most of the charge collection. They are related to traps that have the largest ionization energies.
The dependence of the SET current transient y(t) on time t is given by
where w is the full-width at half maximum of the X-ray pulse, A i is the amplitude, and τ ι is the time constant of the i th exponential function. Fig. 8(a) shows the examples of SETs for three different X-rays photon energies over the initial 75 ns. Fig. 8(a) shows the excellent fits obtained using (3) obtained by adjusting the free parameters A i and t i . Fig. 8(b) shows that four exponential functions were required to fit the data, each with its own amplitude A i and decay time t i . The time constants for the longest lasting components of SETs range from 0.6 μs for the 10.5-keV X-rays to 1.6 μs for the 8-keV X-rays. During the entire time, the charge is collected that is capable of disturbing the normal operation of the device. The variation in CE with the X-ray photon energy cannot be explained by invoking differences in charge track profiles. Fig. 5 shows the energy-loss depth profiles for the three X-ray photon energies used to generate SETs. There is very little difference between the depth profiles of the 8-and 9-keV X-ray photons, yet the CE factors differ by a factor of 2 for the HEMT biased "OFF" and by a factor of more than 4 for the HEMT biased "ON." Because the SET charge collection is dominated by the long-duration exponentially decaying components, the degree to which the deep traps are filled with holes must control charge collection and, therefore, the CE factor. Fig. 9(a) shows the SETs obtained when the HEMT was biased "ON" with V g = +1 V as well as the fits obtained by using (3) . From those fits, the SET time constants (t i ) were extracted. Fig. 9(b) shows that t 4 becomes longer, t 3 becomes shorter, t 2 is absent, and t 1 increases when the bias on HEMT is switched from "OFF" to "ON." An explanation for this behavior must involve the photon energy, which is orders of magnitude larger than the energy bandgap of GaN (E g = 3.4 eV). This is unlike the condition for the photon absorption when pulsed lasers are used because the photon energies are comparable to the bandgap energy E g and typically involve one or two photons needed to excite electrons from the valence band to the conduction band. For the case of the X-rays, the photon energies are many orders of magnitude larger than E g and are capable of exciting electrons out of a variety of tightly bound states, such as the Kα state, which span a wide range of energies. Different photon energies will excite electrons out of a different set of atomic energy levels and that will be reflected in their decay time constants. Fig. 10 shows the dependence of the SET amplitude and collected charge as a function of V g for 8-, 9-, and 10-keV X-ray photon energies. Fig. 10(a) shows that the SET amplitudes for a fixed V g are in proportion to the amount of charge deposited in HEMT by the X-rays for all the values of V g . The SET amplitudes decrease gradually as HEMT is biased from hard "OFF" to hard "ON" because the initial peak amplitude is due to charge collection from the injected charge and not from any parasitic bipolar effect. As the potential on the gate is made more positive, the electric fields decrease in size, resulting in a lower yield of electrons and holes and, therefore, smaller SET amplitude. A reduced electric field also means that the thermal ionization of trapped charge will take longer because of a reduced Poole-Frenkel effect. Fig. 10(b) shows the collected charge as a function of V g for three different X-ray energies. This trend is clearest in the data for the 9-keV X-rays, where the collected charge increases as V g becomes more positive. It is less clear for the other two X-ray energies.
E. Effect of Total Ionizing Dose on SETs in GaN HEMTs
The use of X-rays for generating SETs raises the concern of whether the shapes of the measured SETs are affected by total ionizing dose (TID). TID-induced changes in SET shapes have previously been observed in silicon linear devices exposed to the gamma radiation [14] . Recent publications [15] - [17] indicate that the ionizing radiation, impinging on semiconducting materials with wide bandgaps, such as GaN, gives rise to TID effects characterized by threshold-voltage shifts, some of which persist for many hours. The shifts are the result of the positive charge trapped in defects in the semiconductor that anneal over a broad range of emission times, which depend on the locations and energies of the traps. These observations of TID-induced shifts in the threshold voltage are consistent with our observations of SETs with long tails because both result from the trapped positive charge in the semiconductor layers.
The X-rays used for generating SETs are sufficiently penetrating to pass through all the layers comprising HEMT. Table III shows the differential energy loss (dE/dx) and the deposited energy (E dep ) per pulse, as well as the deposited dose (TID) in 1 s for 10.5-keV X-rays, assuming a pulse rate of 272 kHz. We use the absorption coefficient for Si 3 N 4 instead of that for SiN x , because the coefficients are not tabulated for different stoichiometric values (x). Si 3 N 4 is known to be sensitive to TID when exposed to the ionizing radiation [18] , which begs the question as to whether there are any relevant TID effects in the SiN x layer following exposure to the pulsed X-ray beam. A typical exposure time for measuring the voltage dependence of SETs in an SG-HEMT is about 10 min, during which time the SiN x layer accumulates a TID of about 3.3 × 10 11 rad(Si 3 N 4 ) in a spot with a diameter equal to that of the beam (2 μm). The X-ray beam remains focused on the same location during the entire exposure. I -V measurements were repeated after each exposure to determine whether TID in the SiN x had altered the threshold voltage, as a result of which the shapes of SETs might be changed. No shifts in the threshold voltage or changes in the SET shapes were observed following each exposure.
When, however, the beam was scanned over a larger area, small shifts in the threshold voltage were observed. Fig. 11 shows the shift in the threshold voltage ( V th ≈ 100 mV) when the beam was scanned over the area shown in Fig. 6 . Scanning over such a large area takes about 4000 s, during which time a TID ≈ 2.2 × 10 12 rad(SiN x ) is accumulated. (To obtain this value, we note from Table III that the TID deposited in 1 s is 5.51 × 10 8 rad(Si 3 N 4 ) and we multiply that value by 4000 s required to do the scan). The presence of a small shift in V th following irradiation suggests that TID induced by the focused X-ray beam has no measurable effect on the shapes of SETs, even at the very high TID levels encountered during these tests.
IV. CONCLUSION
SET testing was performed on an AlGaN/GaN MIS-gate HEMT with X-rays to elucidate the mechanisms involved in the SET formation. Unlike the case for an SG-HEMT, for which current flows between the gate and the drain when the device is biased "OFF," and from both the source and gate to the drain when the device is biased "ON," current in the MIS-gate HEMT flows mostly from the source to the drain, with the gate being involved only at the very beginning. The long tails on the SETs are attributed to the trapping of holes by defects in the semiconductor layers leading to extra charge being collected at the drain through a parasitic bipolar effect. Because electrical contact to the body could not be made due to the semiinsulating substrate, SETs are likely longer than they would be if the body was not floating. HEMTs fabricated on GaN substrates should exhibit modified SETs if electrical contact is made to the substrate.
The SET amplitudes show the reasonable agreement with the amount of charge deposited in the GaN layer, but the decay times depend not only on the applied bias, as expected, but also on the X-ray photon energy, but not on track profile. Additional efforts are underway to elucidate the role of X-ray photon energy in determining SET time constants.
